preserved their innate ECM framework, biochemical properties, and angiogenic capacity and -importantly -a patent vascular network. Furthermore, the process resulted in the clearance of immunogenic antigens, which has monumental implications for clinical outcomes in the long term in terms of graft rejection. Consequently, these kidneys show promise in bioengineering and transplantation. We refer to this avenue of research and development as 'cell-scaffold technology'. Key Messages: In 2011, more than 4,700 patients died while on the waiting list for a kidney transplant. In this context, we believe that cell-scaffold technology has the potential to form a bridge between regenerative medicine and transplantation surgery. These methods, in theory, could provide a potentially inexhaustible source of transplantable organs. Unfortunately, current investigations are still in their very early stages and clinical translation is not immediately available in the short term. Thus, identifying the most important obstacles confronting cell-scaffold technology and focusing research efforts in this direction will be important for advancing the state of the art and meeting the clinical needs. We believe that cell-scaffold technology research and development would benefit greatly from a deeper understanding of the physiological mechanisms underlying the natural organogenesis, regeneration, and repair that characterize embryonic humans and simpler organisms. Furthermore, the importance of vascularization -the fundamental caveat of modern surgery -cannot be overstated, especially when discussing the implantation of de novo organs.
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Introduction
In recent decades, transplantation as a modality of renal replacement therapy has been established not only as the most clinically desirable strategy for the treatment of end-stage renal disease but also as the most cost-effective option [1, 2] . Because of favorable outcomes, the demand for organs suitable for transplantation has reached a level that far outstrips the static supply. This disparity has contributed heavily to a rapidly expanding waiting list and burdensome waiting times that accrue mortality and morbidity for misfortunate patients. In 2012, about 16,487 people received kidney transplants in the USA whereas 95,022 candidates were on the waiting list at the end of the year [3] . These grim statistics underscore the urgent need to find new, potentially inexhaustible, sources of transplantable organs.
One such source that needs to be considered is the steadily growing pool of kidneys that are procured for transplantation and then subsequently discarded secondary to a number of reasons such as anatomical anomalies, advanced glomerulosclerosis, tubular atrophy, interstitial fibrosis, vascular disease, and cortical necrosis, as well as other causes including prolonged cold ischemia, excessive warm ischemia, or poor renal function [4] . This sobering reality has become deeply concerning not only to the scientific community but also to the general public as noted in the New York Times: 'Last year more than 4,700 patients died while waiting [which] makes it especially tragic that more than 2,600 kidneys were recovered from deceased donors last year and then discarded' [5] . Though many experts have noted that some of these kidneys could have been transplanted had they been matched and distributed more efficiently, our investigations have demonstrated that discarded kidneys, when paired with current methods in renal bioengineering and regeneration, can potentially be used as a platform for the generation of viable, transplantable grafts [6] .
Within the field of organ bioengineering, the methodology of seeding cells on supporting scaffolding material has shown great promise for generating viable organs [7] [8] [9] [10] [11] [12] . Autologous cells have been successfully used to reconstruct relatively simple structures such as vessels, bladders, upper airways, and urethras and have been implanted into patients with acceptable results in the short and mid terms. The structural simplicity of these structures enables them to meet the oxygen and nutrient requirements via simple diffusion from adjacent host tissues while neoangiogenesis has time to occur. Unfortunately, complex 'modular' organs such as the kidney cannot viably incorporate without reconnection of the new structure to the host vasculature, a task that has posed insurmountable challenges experimentally let alone clinically. Thus, whole, intact scaffolds produced from the extracellular matrix (ECM) of animal or human kidneys have the potential to bypass these challenges due to their intrinsic biocompatibility and intact biochemistry, architecture, and vasculature. Moreover, such biomaterial scaffolds can drive the differentiation of progenitor cells into organ-specific phenotypes [9] .
Starting with preliminary investigations in rodent models, our group eventually scaled up to the more clinically relevant porcine model [11] . In the latter investigation, we described the successful and complete decellularization of intact porcine kidneys. We subsequently developed a transplantation model of these scaffolds in pigs. On implantation, unseeded scaffolds reperfused readily, sustained blood pressure, and remained viable throughout the study period. The stepwise advancement of these decellularization methods in increasingly complex models constituted the rationale to apply them to the human kidney as a potential solution to the growing problem of discarded kidneys described above.
The acquisition, processing, and characterization of the discarded kidneys used in our investigations are described in detail in a recent paper published in Biomaterials [6] . Briefly, we were able to decellularize these kidneys with detergent perfusion through the renal artery and subsequently demonstrated that these scaffolds display an intricate vascular network, an intact glomerular basement membrane along with other important structural proteins, and a well-preserved 3-dimensional architecture after decellularization including essential structures such as glomeruli, tubules, and vessels. At the same time, the decellularization process appeared to remove immunogenic HLA antigens, a finding of major immunological significance. Furthermore, the results of a chick chorioallantoic membrane assay suggested that the scaffolds are capable of supporting angiogenesis, a crucial factor in organ viability.
Cell-on-Scaffold Seeding Technology
Previous works of ours and of several colleagues in the field have shown that seeding cells on supporting scaffolding materials has enormous potential for organ bioengineering and even clinical translation [10] [11] [12] . This 'cell-on-scaffold seeding technology' is based on the widely accepted paradigm that cells require a supporting structure to grow, remain viable, and exert their function. In vivo , this structure is represented by the ECM [13, 14] . The defining feature of connective tissue, ECM, is not only necessary for structural integrity but its interaction and cooperation with adjacent cells are absolutely necessary for general physiological functioning. For example, in our pig studies, we noted that the scaffold vasculature remained highly thrombogenic due to the absence of an endothelial layer even with strong anticoagulant prophylaxis ( fig. 1 ) [11] . Thus, a rational approach to organ bioengineering in this context is to proceed stepwise by first demonstrating successful decellularization to generate an intact ECM scaffold and then moving on to developing recellularization and implantation strategies.
The significance of a decellularized ECM scaffold should not be understated, particularly as applied to the bioengineering of complex organs such as the kidney. Simpler organs such as the bladder and vessels are far less challenging from a bioengineering perspective. Their hollow structures and thin walls reflect their predominantly mechanostructural functions. Thus, they are easy to construct using relatively simple biomaterial scaffolds (e.g. a tube for a blood vessel) and, due to the absence of a parenchymal core, they can be sustained by the diffusion of nutrients and oxygen from adjacent tissues while new blood vessels grow. Solid specialized organs, however, are composed of multiple cell types that are ordered and assembled together in smaller modules, e.g. the nephron in the kidney. Furthermore, in this case, the renal artery branches into an extensive vascular tree that delivers oxygenated blood throughout the metabolically active parenchymal substance. Organs such as these cannot survive by simple diffusion and would predictably require highly complex scaffolds that, in addition to providing a structure to support cell adhesion, expansion, and differentiation, need to maintain an intact vascular tree. In this context, the decellularized ECM scaffolds that we and others have been investigated are ideally positioned to fulfill the intricate requirements described above.
Decellularized kidney ECM scaffolds retain not only the natural external shape of the whole organ but also the internal macro-and microarchitecture of the parenchymal compartment. Given that ECM has a primary role in governing the biomolecular composition, cell adhesion, signaling, and binding of growth factors, cell seeding through an intact capillary network would be an important step in recapitulating the cell-ECM interactions required for viability and functioning. Furthermore, in addition to their inherent biocompatibility, some of the major immunogenicity antigens are removed by the decellularization process (e.g. HLA class I and II antigens) ( fig. 2 ) [6] . This feature, combined with the potential to seed the ECM scaffolds using autologous cells, has the potential to be a groundbreaking step in the quest for an immunosuppression-free state (also known as tolerance). As we have previously noted [15] , regenerative medicine has the potential to fulfill the ultimate goal of transplantation, namely a successful allograft that displays a normal graft function without the need for immunosuppression, hence, an 'immunosuppression-free state'.
With cell-scaffold technology in mind, we were able to identify discarded human kidneys as a potential source of organs that could perhaps undergo decellularization and recellularization. It must be emphasized that this strategy describes the creation of a unique biomaterial generated from natural scaffolds obtained from the manipulation of organs with preexisting damage. Whether this represents a genuine platform for organ bioengineering still needs to be determined. However, groundbreaking clinical findings published by Remuzzi et al. [16] revealed that fibrotic renal disease is reversible with the appropriate treatment. Thus, the prospects for discarded kidneys in renal bioengineering remain quite promising. 
Contemporary Successes and Future Prospects
In one of the earliest organ bioengineering studies, Vacanti et al. [17] described the seeding of fetal and adult rat cells, mouse hepatocytes, pancreatic islet cells, and small intestine cells onto synthetic polymer scaffolds. After 4 days of culture, the constructs were implanted into animals of varying species and 6 successful engraftments were subsequently recorded, thus paving the way for further studies and the first clinical application: a tissue-en- gineered vascular graft used to replace the right intermediate pulmonary artery in a child with single ventricular and pulmonary atresia [18] . This case and those that have since been reported consistently demonstrate that it is possible to manufacture and implant relatively simple organs. However, the mechanisms by which these grafts integrate and maintain function remain poorly characterized. Making matters worse, current reports describe very small series with short follow-up times, thus obscuring potential complications that could arise over time.
Complex organs such as the kidney represent an even more challenging task with methods and parameters that differ from those posed by simple organs. Current investigations are still in very early stages and clinical translation is not foreseeable upon consideration of the current knowledge and available data. Such as it is, it is important to temper the initial hype and focus on the key technological obstacles and the gaps in understanding that are hindering success. In this context, we have outlined two key concepts that, in addition to the interaction between cells and ECM, current investigators should find useful when assessing cell-scaffold technology [8] .
Natural Organogenesis, Regeneration, and Healing
We have the impression that the sequence of events represented by cell seeding on scaffold → attachment → growth → expansion followed by a so-called 'maturation phase' during bioreactor incubation is not adequately enabling the cell-scaffold construct to effectively mature and dynamically adjust to its future, postimplantation environment. Theoretically, this strategy is aimed at recapitulating the physiological events occurring in utero during organ ontogenesis, which unfortunately remain largely unknown. Characterizing organ development in this context would be invaluable for bioengineering research. Similarly, investigators should seek to understand why the mammal, which exhibits formidable regenerative capacities in utero, has lost its ability during phylogenesis to regenerate itself: a function possessed by virtually all simple organisms of the animal and plant kingdoms. Given that decellularized constructs with autologous reseeding represent the closest recapitulation of this process, further understanding would facilitate the advancement of this strategy.
Vascularization
The physiological principle that guides all transplant practitioners is that all organs and tissues require an adjacent or nearby (1-3 mm) vascular supply. This is particularly critical for complex modular organs such as the kidney, heart, and liver. Importantly, all bioengineered constructs reported to date have been implanted without reconnection to the systemic vascular system, which exposes the graft to potential ischemia. Macchiarini et al. [19] reported a proximal ventral collapse after the implantation of a bioengineered trachea. Despite the authors' speculation that the complication was due to the pulsatile compression by the aortic arch as well as the migration of chondrocytes into the endoluminal surface of the graft, there is no evidence that the collapse was due to ischemia. It is unquestionable that the vascular pedicles will have to be reconnected to the systemic circulation in order for bioengineered organs to be viable and functional in the long term. Decellularized organs are ideal in this context due to the preservation of their intrinsic vascular trees.
Conclusion
Given the tens of thousands of patients awaiting kidneys and the small proportion receiving a transplant each year in the USA, the annual discarding of over 2,600 kidneys procured for transplant represents a real public health tragedy. Cell-scaffold technology provides the possibility to recapture some of those eliminations and thus gives hope to end-stage renal disease patients who struggle with morbidity and mortality due to extended periods on dialysis. Combined with its potential to contribute to the quest for an immunosuppression-free state, the potential for organ bioengineering to provide a theoretically inexhaustible source of transplantable organs justifies dedicated financial investments and research efforts in this direction [20] [21] [22] [23] [24] [25] .
